Background. Human leukocyte antigen (HLA)-identical living-related (LR) kidney transplant recipients often receive the standard regimen of immunosuppression. We wondered whether these patients should be exposed to the side effects of these drugs any longer. Safe tapering of immunosuppression should not result in rejection and high donor-directed T-cell responses. In the present study, we investigated the effect of tapering azathioprine (AZA) on T-cell reactivity. Methods. Fifteen HLA-identical LR kidney transplant recipients receiving a median of 150 mg/day AZA and 5-10 mg/day prednisone were tapered to a median of 50 mg/day AZA. Donor-, third-party and tetanus toxoid (TET)-reactivity were determined in interferon (IFN)-g and interleukin (IL)-13 Elispot assays, which reflect the T-helper (Th)1 and T-helper (Th)2 response. Results. After the tapering of AZA, none of the patients developed acute rejection and the renal function remained stable, even at 1-year follow-up. The frequency of donor-specific IFN-g and IL-13 producing cells (pc) was low. Tapering of AZA did not influence the frequency of both IFN-g and IL-13 pc. Also, the reactivity against third-party cells and TET remained unchanged. Conclusions. The AZA-dose can be safely reduced in recipients of an HLA-identical LR kidney transplant without affecting kidney function and without increasing T-cell responses directed against donor or other antigens.
Introduction
Organ transplantation has become the preferred treatment for end-stage kidney function. To prevent graft rejection, transplant recipients receive immunosuppressive drugs to suppress immune responses directed to the foreign organ. Generally, lifelong administration of immunosuppressive drugs after transplantation is deemed necessary. However, chronic use of immunosuppression in transplant recipients is associated with several serious side effects, such as infections, osteoporosis, diabetes mellitus and cancer [1, 2] . Consequently, discontinuation of immunosuppression is warranted, provided this is not accompanied by rejection [3] [4] [5] .
In the human leukocyte antigen (HLA)-identical living-related (LR) kidney transplant setting, the major HLA molecules A, B, C, DR, DQ and HLA-DP are identical. However, mismatches may exist in minor histocompatibility antigens (mHAgs). The mHAgs are peptides derived from polymorphic intracellular proteins presented in the context of HLA molecules, which can be recognized by the immune system [6] [7] [8] [9] [10] . The expression of mHAgs is ubiquitous or specific on haematopoietic cells [11] .
In humans, mismatches in mHAgs have been shown to induce graft-versus-host disease (GVHD) after HLAidentical bone marrow transplantation (BMT). Goulmy et al. [12] demonstrated that one or more disparities of HA-1, HA-2, HA-4 and HA-5 were associated with the development of GVHD. After BMT, male recipients who received HLA-identical graft from female donors are more at risk in developing GVHD than those who received a graft matched for gender [13] . This risk is due to an enhanced activity against mHAgs H-Y encoded on the Y chromosome. Studies have shown the existence of H-Y specific cytotoxic T lymphocyte (CTL) after gender-mismatched BMT [14] .
The role of mHAgs in clinical solid organ transplantation is yet not known. Recently, Opelz [15] described an association between the presence of panel reactive antibodies (PRA) in kidney transplants from HLA-identical sibling donors and long-term graft loss. Theoretically, after HLA-identical LR kidney transplantation, mHAgs, but also other non-HLA antigens [15, 16] , might be responsible for the induction of acute or chronic rejection of the transplant. Therefore, HLAidentical LR kidney transplant recipients still receive immunosuppression. Considering the adverse effects of immunosuppression, we questioned whether these patients should be exposed to the severe side effects of immunosuppression.
After HLA-mismatched kidney transplantation, some studies reported a relation with increased T-cell reactivity in mixed lymphocyte culture (MLC), CTL precursor frequency (CTLpf ), helper T lymphocyte precursor frequency (HTLpf ) and acute rejection after tapering of immunosuppression [17] [18] [19] [20] . However, in the HLA-identical LR kidney transplant setting, no donor-specific responses can be measured in CTLpf, HTLpf and MLC. Recently, we have shown that a sensitive method as the Elispot assay can be used to determine the reactivity against non-HLA antigens in the first period after HLA-identical LR kidney transplantation [21] . The Elispot assay can be used to determine the frequency of pro-inflammatory cytokines (interferon (IFN)-g) and anti-flammatory cytokines [e.g. interleukin (IL)-13] directed to donor antigens. Both types of cytokines have been associated with acute rejection [22, 23] , while Th2-cytokines also have been suggested with graft acceptance [24, 25] .
In the current study, HLA-identical LR kidney transplant recipients, more than 2 years after transplantation, were safely tapered to at least 50% of their azathioprine (AZA) dose. We questioned whether tapering the immunosuppressive load would result in increased T-cell reactivity in peripheral blood mononuclear cells (PBMCs) from HLA-identical LR kidney transplant recipients. T-cell reactivity against donor, third-party and tetanus toxoid (TET) antigens were retrospectively measured in IFN-g and IL-13 Elispot assays.
Subjects and methods

Patients
HLA-identical LR kidney transplant recipients, treated with AZA and prednisone, were asked to participate in this study. They were at least 2 years after transplantation, had no acute rejection in the last 6 months, had stable renal function and no clinical relevant proteinuria (!0.5 g/l). Fifteen patients agreed to participate. Characteristics of the patients are described in Table 1 . At inclusion of the study, the patients received a median dose of 150 mg/day AZA (range, 100-175 mg/day; 'high AZA') in combination with a median dose of 10 mg/day prednisone (range, 5-10 mg/day; Prednisone). The AZA-dose was tapered twice with a 4 month interval to a median dose of 50 mg/day AZA (range, 50-100 mg/day; 'low AZA'). The prednisone dose remained unchanged. Peripheral blood samples were analysed at inclusion and 4 months after the last mentioned AZA-dose reduction. Renal function was closely monitored.
Peripheral blood mononuclear cells sampling PBMC were isolated from heparinized blood by density gradient centrifugation using Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden) as described earlier [21] . Thereafter, PBMCs were stored in RPMI-1640-DM (BioWhittaker, Verviers, Belgium) containing 15% fetal calf serum (FCS) and 10% dimethyl sulfoxide (MERCK, Germany) at À1408C until use.
IFN-g and IL-13 Elispot assay
The phytohemagglutinin (PHA) proliferation assay was performed to control the viability of the PBMCs as described before [21] . The mean counts per minute (cpm) were determined, and the stimulation index (SI) was calculated by the ratio of the cpm obtained in the presence of PHA to the cpm in the absence of PHA. Only results of viable cells (SI ! 50) were analysed in the described results.
Before the first tapering of the immunosuppressive medication, we received 35 ml heparinized peripheral blood from 15 patients. Four months after the last AZA-dose reduction, we again received 35 ml blood from those patients to perform Elispot assays. The IFN-g and IL-13 Elispot assays (U-Cytech Biosciences, Utrecht, The Netherlands) were performed as described before [21] . Briefly, in a 96-well round bottom plate (Nunc, Roskilde, Denmark), 100 ml of 2 Â 10 5 patients' PBMC in culture medium was added to 100 ml of 2 Â 10 5 irradiated (40 Gy) PBMC derived from the donor. As control, unstimulated responder cells were used and subtracted from donor-specific responses. PBMCs from the patient were also stimulated with 1 mg/ml PHA (Murex Biotech), third-party cells and 30 lf/ml TET (RIVM, Bilthoven, The Netherlands). PHA was used as a positive control and showed in all experiments more than 100 spots per well. The third-party PBMC used did not share HLA antigens with donor and patient. Both before and after tapering of immunosuppression, the same third-party PBMCs were used. TET stimulation was used to test the immune response to nominal antigens. After 40 h of incubation, the non-adherent cells were transferred to a 96-well plate pre-coated with antihuman IFN-g or IL-13 monoclonal antibodies. The cells were incubated for 5 h at 378C to allow the formation of spots. The spots were counted automatically by using a Bioreader 3000 Elispot reader (BioSys, GmbH, Karben, Germany).
Minor histocompatibility antigen typing after HLA-identical living-related kidney transplantation HwA-9 and UGT2B17 (Table 2) . DNA from the selected couples (Table 1) was isolated using the QIAamp Õ DNA Mini Kit. The polymerase chain reaction (PCR-SSP) technique was used as typing method [26] . This is a PCR-based technique with the use of Sequence Specific Primers (SSP), which shortens the post-amplification processing time to a simple gel electrophoresis detection step. Each tested mHAgs is a part of a di-allelic system. This means that each locus contains two alleles. We used a specific primer combination for each allele, to test the presence of this allele (Table 2 ).
Statistical analysis
Numerical data were compared using the Wilcoxon signed rank test. Two sided P-values 0.05 were considered significant. For statistical analysis GraphPad statistical program was used (GraphPad Software Inc., San Diego, CA, USA).
Results
Clinical results
After tapering the AZA-dose to at least 50% of the original dose, none of the HLA-identical LR renal transplant recipients developed acute rejection. Their serum creatinine levels remained unchanged before and 4 months after halving the AZA-dose (before tapering: median, 103 mmol/l; range, 63-128; after tapering: median, 102 mmol/l; range, 63-136). At 1-year follow-up, no clinical relevant increase in serum creatinine (median, 111 mmol/l; range, 67-138) and no proteinuria (!0.5 g/l) had occurred. Additionally, haematological parameters [haemoglobuline, haematocrit, mean cell volume (MCV), thrombocytes and leucocytes] remained normal during tapering of AZA (data not shown).
IFN-g Elispot
Before tapering of AZA ('high AZA'), and 4 months after AZA reduction ('low AZA'), 11 out of 15 (73%) HLA-identical patients responded to donor antigens ( Figure 1A ). The median frequency of IFN-g producing cells (pc) directed to donor antigens after reduction of AZA (median, 1 IFN-g pc/2 Â 10 5 PBMC; range, 0-110; P ¼ 0.99) was comparable with Figure 1B) . The median frequency of IFN-g pc directed to third-party antigens after tapering of AZA (median, 12 IFN-g pc/2 Â 10 5 PBMC; range, 2-324; P ¼ 0.95) was comparable with before tapering (median, 14 IFN-g pc/2 Â 10 5 PBMC; range, 0-305). The response to HLA-mismatched third-party antigens was significantly higher than the response to donor antigens (P < 0.01).
Before tapering AZA-dose, we found that 13 out of 15 (87%) patients responded to TET. The median frequency of IFN-g pc directed to TET antigens before tapering AZA was 7 IFN-g pc/2 Â 10 5 PBMC (range, 0-1200). After tapering to low AZA, 11 of the 15 patients (73%) responded to TET, and tapering of AZA did not influence the number of IFN-g pc (median, 3 IFN-g pc/2 Â 10 5 PBMC; range, 0-1200;
Some of the HLA-identical patients had high responses against donor PBMC in the IFN-g Elispot assay (!10 IFN-g pc/2 Â 10 5 PBMC; high responders). We analysed whether other parameters could clarify the differences between high responders and nonresponders (0 IFN-g pc/2 Â 10 5 PBMC). Haematological parameters, transaminases and renal function (proteinuria and creatinine clearance) were comparable between high responders and nonresponders.
After third-party stimulation, we observed in four patients (patient 3, 4, 7 and 15) high frequencies of IFN-g pc before and/or after tapering of AZA (>45 IFN-g pc/2 Â 10 5 PBMC; Figure 1B ). The response against donor antigens in two of the four patients (patient four and seven) remained low and stable after tapering of AZA (Table 3 ). This could indicate that before and after tapering the AZA dose, the Th1 cells in those patients are still able to recognize foreign antigens other than those of the donor antigens of the kidney. It was remarkable that one of those four patients (patient 3) showed high third-party responses and donor-specific responses after tapering of AZA (Table 3) . In this patient, renal function was stable during tapering of immunosuppression. Two patients (patient 6 and 15) demonstrated a decrease in thirdparty antigens. The donor-specific response also decreased significantly in one patient (patient 6), and slightly in another patient (patient 15). Both patients showed no abnormalities in renal function, liver function or haematological parameters.
IL-13 Elispot
As shown in Figure 2A , before reduction of AZA a detectable frequency of IL-13 pc against donor cells was observed in 8 out of 15 (53%) patients. After reduction to low AZA, only 4 out of 15 (27%) patients responded to donor antigens (P ¼ 0.26). The responses to donor antigens after tapering of AZA (median, 0 IL-13 pc/2 Â 10 5 PBMC; range, 0-53; P ¼ 0.55) were comparable with before reduction (median, 1 IL-13 pc/2 Â 10 5 PBMC; range, 0-30). Before reduction of AZA, 12 out of 14 (86%) patients responded to third-party antigens ( Figure 2B ). The median frequency of the whole group before tapering was 6 IL-13 pc/2 Â 10 5 PBMC (range, 0-32).
After tapering to low AZA, 10 out of 14 (71%) patients responded to third-party antigens. Reduction of AZA also did not increase the number of IL-13 pc (median, 4 IL-13 pc/2 Â 10 5 PBMC; range, 0-20; P ¼ 0.18). The response to third-party antigens was significantly higher than the donor-specific response (P ¼ 0.01).
Before and after reduction of AZA, 10 out of 14 (71%) patients responded to TET. No difference in the frequency of IL-13 pc to TET was found before (median, 2 IL-13 pc/2 Â 10 5 PBMC; range, 0-187) and after (median, 2 IL-13 pc/2 Â 10 5 PBMC; range, 0-127; P ¼ 0.46) tapering of AZA.
Similar to the IFN-g Elispot result, patient 3 demonstrated high frequencies of IL-13 pc against donor antigens before (30 IL-13 pc/2 Â 10 5 PBMC) and after (53 IL-13 pc/2 Â 10 5 PBMC) tapering of AZA. Whether these high frequencies of IL-13 pc were caused by mismatches in mHAgs remains unknown, because no mismatches for known mHAgs were found with the correct HLA restriction element between donor and recipient (Table 3) . Table 1 shows CMV and EBV serology of donor and recipient. Before transplantation, eight patients were CMV-positive and seven were CMV-negative. From the CMV-negative patients, five out of seven received a CMV-positive graft. Those five patients (CMVÀ/þ) were not different in their cytokine profile of IFN-g and IL-13 from the other 10 patients (CMV þ/þ, CMV þ/À, CMV À/À).
Cytomegalovirus (CMV) and Epstein-Barr virus (EBV) after HLA-identical LR kidney transplantation
Eleven patients were EBV-positive and four were EBV-negative before transplantation. From the EBV-negative patients, two out of four received an EBV-positive graft, one received an EBV-negative graft, and from one the EBV serology was not documented. The donor-specific cytokine profiles were comparable between those two 'EBV-negative patient EBV-positive donor' (EBVÀ/þ) combinations and 11 EBV-positive patients.
Minor histocompatibility antigens typing after HLA-identical LR kidney transplantation
Patient PBMCs and donor PBMCs were typed for 10 known mHAgs that could cause a T-cell response (Table 2) . We analysed whether the IFN-g and IL-13 Elispot results could be explained by mismatches in known mHAgs expressed with the correct restriction element.
In 11 out of 14 patient-donor combinations, we found mismatches for mHAgs ( Table 3 ). The correct HLA-restriction element was present in only four patients. In two of these four patients, positive Elispot responses were found. In six out of the seven patients without the correct HLA-restriction element, also positive Elispot results were found. Three patient-donor combinations were identical for the 10 
Discussion
In the present study, we show that the immunosuppressive medication of HLA-identical LR kidney transplant recipients, who were more than 2 years after transplantation, can be safely reduced. Four months after the last AZA reduction to at least 50% of the original dose, no acute rejection or decrease in renal function had occurred. Also, at 1-year follow-up, the kidney function remained stable. Tapering of AZA did not increase the frequency of Th1-cells (IFN-g) as well as the frequency of Th2-cells (IL-13). The Elispot assay becomes an attractive method to determine donor-specific responses in kidney transplant recipients and may be used to monitor patients. A study of Gebauer et al. [27] determined the frequency of IFN-g pc in 11 stable HLA-mismatched renal allograft recipients, who were more than 18 months after transplantation, and found low frequencies of donor-specific IFN-g pc (1-45 IFN-g pc/3 Â 10 5 PBMC). Hricik et al. [28] also found low frequencies of alloreactive IFN-g pc (<10 IFN-g pc/ 3 Â 10 5 PBMC) in renal allograft recipients with low serum creatinine levels within 6 months after kidney transplantation. Also, after bone marrow transplantation with HLA-identical sibling donors, detectable IFN-g pc were found in 20% of the donor cells stimulated with irradiated recipients cells [29] . During the current study, comparable frequencies of IFN-g pc were found in the HLA-identical setting (high AZA: median, 2 IFN-g pc/2 Â 10 5 PBMC; range, 0-88; low AZA: median, 1 IFN-g pc/2 Â 10 5 PBMC; range, 0-110). It seems that those frequencies of IFN-g pc are common in an immunological quiescence period after transplantation and are independent of HLA-matching.
The number of IFN-g pc directed to HLAmismatched third-party cells and TET did not change after tapering of AZA, while those reactivities were significantly higher than the reactivity to donor antigens. This suggests that the immune response to nominal antigens, allo-antigens as well as to donor antigens is not affected by the reduction of AZA. Therefore, our HLA-identical LR kidney transplant recipients are both clinically (stable kidney function, haematological parameters and transaminases) and immunologically stable. These results are in line with our experience in patients who received a kidney transplant with one or more HLA-mismatches [30] . In this study also no increase in T-cell reactivity was found.
We also determined the Th2-response by using an IL-13 Elispot assay. IL-13 is an immunoregulatory cytokine secreted by activated Th2-cells [24, 31] . The importance of Th2-responses has been shown in several studies in acute as well as in chronic rejection [23, 32, 33] . In our study, we found that before and after tapering of AZA, 53 and 27%, respectively, of the patients' PBMC made IL-13 after stimulation with donor cells. Those frequencies of IL-13 pc were comparable before and after reduction of AZA. This suggests that the donor-specific Th2-response, as well as the Th1-response, was not affected by reduction of AZA. The number of IL-13 pc after stimulation with third-party PBMC and TET remained also in the same range before and after reduction of AZA, indicating that tapering does not affect either Th1-or Th2-reactivity towards foreign HLA and nominal antigens. Alternatively, the AZA in the given dose has no immunosuppressive effect on Th1-and Th2-response. In a pilot study, we found comparable frequencies of granzyme B (GrB) pc before and after tapering of AZA in PBMC from HLA-identical LR kidney transplant recipients, suggesting that the functional activity of CTL were also unaffected [34] . Unfortunately, not enough cells were available to test the frequency of GrB pc in this patient cohort.
In the present study, we observed that some of the HLA-identical patients demonstrated detectable (>10 IFN-g pc/2 Â 10 5 PBMC) frequencies of IFN-g pc against donor antigens, whereas other patients had undetectable frequencies (0 IFN-g pc/2 Â 10 5 PBMC). No relation was found between IFN-g frequencies and proteinuria, serum creatinine, CMV or EBV serology. Recently, Opelz [15] showed an association of PRA reactivity with long-term graft loss in kidney transplants from HLA-identical sibling donors. Those lymphocytotoxic antibodies could reflect high B-cell responsiveness and alternatively could be directed to mHAgs expressed on donor cells, but also to other non-HLA antigens [16] . Autologous responses are unlikely, because no difference was found between donor-responses corrected for unstimulated patients' PBMC and donor-responses corrected for the autologous control. Accordingly, in our study the donor-specific Elispot responses could be directed to mismatches in mHAgs, but also to other non-HLA antigens.
Animal studies have shown that mHAgs are involved in the development of allograft arteriosclerosis, GVHD and skin graft rejection [35] [36] [37] [38] . In humans, the influence of mHAgs on transplant outcome has mostly been seen after BMT [12, 39] . Therefore, in our HLA-identical LR kidney transplant setting, mHAg disparities between patient and donor may theoretically trigger T cell-mediated rejection after tapering of immunosuppression. In our study, 14 patients were typed for 10 known mHAgs, which could give a T-cell response. Four of those patients had mismatches for mHAgs and the correct HLA restriction molecule. Only PBMC from two of the four patients had a T-cell response after donor-stimulation. We also found that PBMC from six of the seven patients with mismatches for known mHAgs, but not with the correct restriction element, had a donor-specific T-cell response in the IFN-g and/or IL-13 Elispot. A possibility for the response in those patient-donor combinations with mHAgs mismatches, but not the correct HLArestriction, is that other HLA molecules can present the specific mismatched mHAgs. Therefore, not only mHAgs could be unknown, but also their HLArestriction molecule. In theory, all genetic polymorphic proteins presented in MHC could give peptides recognized as mHAgs, but not all mHAgs have the potential for inducing strong T-cell responses. The hierarchy of mHAgs could clarify the variety of the donor-response. When a high donor-response was found, immunodominant mHAgs could be present [39, 40] . Recently, Mori et al. [41] found that there is a hierarchy of immunodominance among mHAgs in mice, which is dependent on mHAgs density on host cells and the repertoire of donor T-cells capable of responding to mHAgs. However, this phenomenon is unknown in humans. Mori et al. [41] suggested that GVHD is a consequence of activation of multiple T-cell populations against multiple mHAgs. In contrast, we found low numbers of IFN-g and IL-13 pc towards multiple donor mHAgs, and those were insufficient to induce rejection of the graft. This could indicate the presence of low affinity T-cells recognizing donor mHAgs or that these mHAgs were not immunodominant. Therefore, these patients could be tolerant for the donor mHAgs. The last possibility could be that these patients are still over-immunosuppressed. After tapering of AZA, the patients received a median of 1.1 mg/kg AZA and 5-10 mg prednisone, and this may still be sufficient to prevent cytokine production of lymphocytes after donor stimulation, and therefore rejection. Some mHAgs as HA-1, HA-2 and BCL2A1 are only expressed on haematopoietic cells, while HA-3, HA-8 and H-Y are ubiquitously expressed [14] . Therefore, theoretically, T-cell responses could be found directed to those mHAgs only expressed on haematopoietic cells, while epithelial cells were not affected. Unfortunately, epithelial cells from the graft were not available in our laboratory.
In conclusion, this study shows that in HLAidentical LR kidney transplant recipients the AZAdose can be safely reduced without the occurrence of acute rejection. Tapering of AZA showed no effect on kidney function, even at 1-year follow-up. No increase in T-cell reactivity directed to donor antigens is found. Therefore, we think that these patients are still overimmunossuppressed, and we suggest to reduce the immunosuppressive medication even further.
